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Objective: The occurrence of ischemic stroke (IS) is closely related to the characteristics of carotid plaque (CP). Due to the effect of stroke risk stratification based on B-mode ultrasound (US) and contrast-enhanced ultrasound (CEUS) that has not been studied in patients with low and intermediate carotid stenosis, we construct and validate a CP score and ischemic stroke risk stratification (ISRS) using a combination of B-mode and CEUS, in order to provide new convenient strategies to stratify these patients to prevent stroke.



Materials and methods: This retrospective study evaluated 705 patients with low and intermediate carotid stenosis who underwent B-mode and CEUS from November 2021 to April 2023. Qualitative B-mode and CEUS features of carotid plaques were analyzed using a univariable and multivariable logistic regression to construct the CP score. Then, we combined the CP score with Essen stroke risk score (ESRS) to develop ISRS.



Results: This study included a total of 705 patients with low and intermediate carotid stenosis, of which 394 were symptomatic patients (with a mean age of 71.03 ± 10.48 years) and 311 were asymptomatic patients (with a mean age of 65.13 ± 10.31 years). Plaque echogenicity, plaque morphology, carotid intima-media thickness in B-mode US and intraplaque neovascularization grading and perfusion pattern in CEUS were significantly associated with IS. The ISRS incorporating these five predictors and ESRS showed good discrimination and calibration in both primary cohort [area under the curve (AUC), 0.91; Hosmer–Lemeshow test, p = 0.903] and validation cohort (AUC, 0.84; Hosmer–Lemeshow test, p = 0.886).



Conclusion: We developed an effective and practical tool to identify and stratify patients with low and intermediate carotid stenosis, based on the CP score and ISRS estimation. Our study may provide new insights into managing patients with no indication of surgery.



KEYWORDS
carotid plaque, ischemic stroke, risk stratification, contrast-enhanced ultrasound, B-mode ultrasound





1. Introduction

Ischemic stroke (IS) is one of the leading causes of death and disability worldwide (Global Burden of Disease Study, 2019 Collaborators, 2019) (1). Atherosclerotic plaque rupture is a major cause of IS, accounting for 18%–25% of all strokes (2). A previous study reported that a high percentage of patients with low and intermediate stenosis experienced ischemic events during follow-up (3). An extensive research showed that the risk of IS in patients with carotid stenosis is independently correlated with plaque vulnerability (4). Accurate screening tools should be developed to identify patients at different levels of cerebrovascular risk, especially those with low and intermediate vascular stenosis.

Carotid intima-media thickness (C-IMT) is one of the recognized indicators of atherosclerosis and is linked to an increased risk of stroke (5). The hypoechoic and irregular plaque in B-mode ultrasound (US) often shows histological features of plaque instability, such as the presence of lipids and higher expression of inflammatory mediators (6). Contrast-enhanced ultrasound (CEUS) enables the objective visualization of intraplaque neovascularization (IPN) by clearly indicating active inflammation, which is an inherent feature of vulnerable plaque (7). The characteristics of US imaging make it an ideal imaging method for screening patients with carotid atherosclerosis to find vulnerable plaques (8).

MRI is the imaging modality of choice to identify the majority of vulnerable plaque components (9); however, it has drawbacks such as a long procedure time and many contraindications (10). Computed tomography (CT) has shown a high sensitivity and specificity for the detection of ulcerated plaques and intraplaque hemorrhage (11). But the disadvantages of CT for plaque assessment are the radiation exposure and need for iodinated contrast (12). A quick and easy method to categorize plaque that can anticipate the development of carotid lesions and upcoming ischemia episodes is required. In this study, we established the carotid plaque (CP) score according to the parameters of B-mode US and CEUS. The Essen stroke risk score (ESRS) is a simple and easy tool used to operate a stroke risk stratification scale in clinical practice (13). We combined the CP score with ESRS to develop an effective and practical tool to identify patients at risk of cerebrovascular events and to stratify them, in order to provide new strategies to prevent IS in patients with low and intermediate carotid stenosis.



2. Material and methods


2.1. Study population

This is a retrospective study, which consecutively reviewed patients diagnosed with carotid atherosclerosis between November 2021 and April 2023. The patients were divided into primary and validation cohorts in a chronological order. The patients between October to November 2021 and December 2022 made up the primary cohort, and those between January 2023 and April 2023 were in the validation cohort. All patients with low and intermediate carotid artery stenosis who received magnetic resonance angiography (MRA) or computed tomography angiography (CTA) examinations and clinical follow-up using B-mode US or CEUS were included in this study. The study was approved by the medical ethics committee of Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine [No. (2022) 028].

The inclusion criteria included (1) ≥18 years of age, (2) low and intermediate carotid stenosis, and (3) no clinical contraindications for CEUS. The exclusion criteria included (1) severe stroke, (2) without MRA or CTA above the aortic arch, (3) carotid artery dissection, (4) Takayasu's arteritis, and (5) poor image quality of B-mode US and CEUS. We selected plaques with a thickness of ≥2 mm and that were mainly hypoechoic, as hyperechoic plaques with calcification cannot be clearly displayed by CEUS for sound shadow occlusion (14) (Figure 1).


[image: Figure 1]
FIGURE 1
Flowchart of patient enrollment.




2.2. Clinical outcome

Patients were divided into two groups based on the presence or absence of symptoms: asymptomatic group and symptomatic group. Patients with a history of IS within the previous 2 months belonged to the symptomatic group and had confirmed ischemic lesions in the ipsilateral side's carotid region (anterior circulation) by head CT/MRI. (15). On the other hand, the asymptomatic group consisted of patients without any prior history of stroke to the carotid artery.



2.3. Ultrasound procedure

All B-mode US and CEUS examinations were performed by vascular sonographers with at least 5 years of experience in B-mode US and at least 2 years of experience in CEUS of carotid plaques. The CEUS examinations were performed on Philips EPIQ Elite (Philips Healthcare, Amsterdam, the Netherlands) with a high-frequency probe (eL18-4, MHz). We adjusted the frame rate to 12 frames per second and the mechanical index to 0.13 in order to minimize the destruction of microbubbles. The focus location was fixed at the carotid artery's level, and the image depth was adjusted to 3–5 cm based on the carotid artery's size. The B-mode US also used LOGIQ-E9 (GE, Fairfield, USA), Aplio 500 (Toshiba, Japan), and Aplio i900 (Canon, Japan). The vascular sonographers were blinded to the neurologist's findings. All study participants were examined by B-mode US, and the C-IMT was measured. Thereafter, the maximum longitudinal section was considered for CEUS imaging. CEUS was performed after injection of a 1.0-ml bolus of SonoVue solution (Bracco, Milan, Italy) mixed with 5 ml of saline through a peripheral vein. A timer was started to continuously observe the enhancement of CP in real time and store the dynamic examination image. All videos (at least 2-min duration) and images were digitally stored on magnetic optical discs for offline analysis.



2.4. Ultrasound image evaluation

The selection of carotid artery plaques was based on the Mannheim consensus (16). According to the perspectives and guidelines of the ASNR Vessel Wall Imaging Study Group and Expert Consensus Recommendations of the American Society of Neuroradiology (17), we abstracted the US features, plaque morphology (irregular, regular) (Figure 2), and echogenicity (hyperechoic, isoechoic, hypoechoic, extremely hypoechoic) (Figure 3). IPN was identified by rapid movement of the echogenic reflectors of microbubbles within the plaque as follows: Grade 0 (no visible microbubbles within the plaque), Grade 1 (minimal microbubbles confined to the shoulder or adventitial side of the plaque), and Grade 2 (microbubbles present throughout the plaque core) (Figure 4). Perfusion pattern was divided into basal entry and surface entry (18) (Figure 5).


[image: Figure 2]
FIGURE 2
B-mode ultrasound image shows plaque morphology. B-mode ultrasound image shows plaque morphology. (A2) Regular plaque, (B2) irregular plaque, and (C2) ulcerative plaque. * represents plaque ulcer location. (A1–C1) Corresponding schematic diagram.



[image: Figure 3]
FIGURE 3
B-mode ultrasound image shows plaque echogenicity. (A2) Hypoechoic, (B2) isoechoic, (C2) hyperechoic, and (D2) very hypoechoic. * represents very hypoechoic area. (A1–D1) Corresponding schematic diagram.
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FIGURE 4
CEUS shows IPN grading. (A2) Grade 0: no visible microbubbles in plaques. (B2) Grade 1: minimal microbubbles confined to the shoulder. (C2) Grade 1: minimal microbubbles confined to the adventitial side of the plaque. (D2) Grade 2: microbubbles present throughout the plaque core. (A1–D1) Corresponding schematic diagram.
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FIGURE 5
CEUS shows IPN perfusion pattern: (A2) basal perfusion: microbubbles entered the plaque from the base; (B2): surface perfusion: microbubbles entered the plaque from the surface; (A1–B1): Corresponding schematic diagram.


Interobserver consistency in IPN grading was analyzed by two independent radiologists (FL and L-NZ) who were blinded to each other's interpretations. To evaluate intra-observer consistency, the data were reanalyzed by the same radiologist (FL) after an interval of 1 month without reference to the initial results.



2.5. Essen stroke risk score

The specific rules of the ESRS include eight scoring risk factors, with a maximum score of 9 points (19) (Table 1).


TABLE 1 Essen stroke risk scores of patients.
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2.6. Statistical analysis

A statistical analysis was performed using SPSS 22.0 and the rms packages in R 4.1.0 (The R Foundation for Statistical Computing, Vienna, Austria). Continuous variable data were represented as mean ± standard deviation, and normality testing was performed by using Student's t-test. The chi square test was used to assess the relationship between categorical variables. A binary logistic regression model was used to evaluate the relationship between cerebrovascular events and characteristic plaques and the influence of various patch characteristics on the results. The ESRS and C-IMT were analyzed by using the receiver operating characteristic (ROC) curve, and the best cutoff value was determined by the maximum Youden index (defined as sensitivity + specificity − 1). A p-value of <0.05 was considered statistically significant.

The prediction nomogram based on the multivariate logistic regression analysis results was developed using R software. The ROC analysis was used to evaluate the discrimination performance of the model. Calibration curves were plotted via bootstrapping using 1,000 resamples. The decision curve analysis (DCA) was performed to determine the clinical usefulness of the model by quantifying the net benefit at the different thresholds.




3. Results


3.1. Patient baseline characteristics

A total of 824 patients with carotid artery plaques were recruited in the primary cohort. Sixteen patients with severe stroke, 35 patients who did not undergo MRA or CTA above the aortic arch, two patients with carotid artery dissection, four patients with Takayasu's arteritis, 18 patients with poor US imaging quality, and 44 patients with incomplete clinical data were excluded. Finally, a total of 705 patients were included in the study, of which 394 patients belonged in the symptomatic group and 311 patients belonged in the asymptomatic group, as presented in Figure 1. The basic characteristics of the included patients are listed in Table 2.


TABLE 2 Patient characteristics in primary cohort.
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3.2. Cutoff value for C-IMT

The mean C-IMT was the mean thickness of bilateral common carotid arteries, carotid bifurcations, and the beginning of internal carotid arteries. The mean C-IMT of symptomatic and asymptomatic groups was 2.89 ± 1.14 mm and 2.55 ± 1.06 mm, respectively. The difference between the groups was statistically significant (p < 0.001). The optimal coefficient of variation (COV) of C-IMT was 2.25 and 4.55 mm, and the ROC curve analysis showed that the AUC of C-IMT was 0.621 (95% CI: 0.578–0.663).



3.3. Cutoff value for ESRS

The ESRS of the symptomatic group and the asymptomatic group were 4.46 ± 0.99 and 2.81 ± 1.09, respectively, with a statistically significant difference of p < 0.001. The best COV of the ESRS was 3.5, and the ROC curve analysis showed that the AUC of the ESRS was 0.634 (95% CI: 0.579–0.662).



3.4. Establishment ischemic stroke model and development of the nomogram

We used univariable logistic regression analysis to determine the US features for multivariable logistic regression analysis at a significance level of 0.05. By rounding the mean of regression coefficients of the multivariable logistic analysis to obtain scores for CP risk stratification, we established the CP score according to the parameters from B-mode US and CEUS. Thereafter, we combined the CP score with the ESRS to establish a IS risk model. These variables were used to construct the predictive nomogram (Figure 6).


[image: Figure 6]
FIGURE 6
Nomogram to predict ischemic stroke. The nomogram incorporated ESRS, plaque echogenicity, plaque morphology, C-ITM, IPN grading, and perfusion pattern.




3.5. Establishment of ischemic stroke risk stratification

Based on the mean of regression coefficients of the multivariable logistic analysis of the data in Table 2, the B-mode US features such as hypoechoic, extremely hypoechoic, and irregular shape were assigned 1 point, a C-IMT between 2.23 and 4.55 mm was assigned 1 point, and a C-IMT of greater than 4.55 mm was assigned 2 points. In CEUS, Grade 1 was assigned 1 point, Grade 2 was assigned 2 points, and the perfusion pattern from surface perfusion was assigned 1 point. The ESRS between 3.5 and 8 was assigned 2 points (Table 3).


TABLE 3 Results of univariable and multivariable analysis for various B-mode ultrasound and CEUS features.

[image: Table 3]

The sum of the points determined the ischemic stroke risk stratification (ISRS): 0–2 points corresponded to CERS 1 (low risk), 3–6 points indicated CERS 2 (intermediate risk), and 7–9 points indicated CERS 3 (high risk) (Figure 7).


[image: Figure 7]
FIGURE 7
Establishment of the ISRS.




3.6. Performance of ischemic stroke risk model

The areas under the ROC curve of the model, CEUS, B-mode US, and ESRS in IS were 0.91, 0.82, 0.74, and 0.73, respectively, with statistically significant difference of p < 0.001 (Figure 8A). The sensitivity and specificity of the model were 72.6% and 89.3%, respectively. The Hosmer–Lemeshow test illustrated good calibration (p = 0.903). The calibration curve of the ischemic stroke risk model demonstrated good agreement between prediction and observation in the primary cohort (Figure 9A).
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FIGURE 8
Graph shows the ROC curve. (A) ROC curve of the ischemic stroke risk model in the primary cohort. (B) ROC curve of the ischemic stroke risk model in the validation cohort.



[image: Figure 9]
FIGURE 9
Graph shows the calibration curves of the risk nomogram. (A) Calibration curve of the ischemic stroke risk model in the primary cohort. (B) Calibration curve of the ischemic stroke risk model in the validation cohort.




3.7. Validation of ischemic stroke risk model

Internal validation: Using the 68 patients diagnosed with carotid atherosclerosis between January 2023 and April 2023 as the internal validation dataset. The areas under the ROC curve of the model, CEUS, B-mode US, and ESRS in IS were 0.84, 0.72, 0.67, and 0.62, respectively, with statistically significant difference of p < 0.001 (Figure 8B). The Hosmer–Lemeshow test yielded a non-significant statistics of p = 0.886. Good calibration via bootstrapping using 1,000 resamples was observed for the probability of the ischemic stroke risk in the validation cohort (Figure 9B).



3.8. Clinical use

The decision curve analysis for the IS risk model is presented in Figure 10. The decision curve showed that if the threshold probability of a patient or doctor is 8%, using the model to predict ischemic stroke adds more benefit than either the treat-all-patients scheme or the treat-none scheme.


[image: Figure 10]
FIGURE 10
DCA for the risk nomogram. DCA shows that the model is clinically useful when intervention is decided in the threshold range of 8%–100%.




3.9. Inter-reader agreement of B-mode US and CEUS features

The IPN grading and perfusion patterns in CEUS showed substantial inter-reader agreement (k coefficients = 0.744 and 0.721, respectively), and echogenicity, plaque morphology, plaque location, calcification, and C-IMT in B-mode US showed almost-perfect inter-reader agreement (k coefficients = 0.911, 0.901, 0.891, 0.903, and 0.881, respectively).




4. Discussion

We combined the B-mode US and CEUS to analyze the characteristics of vulnerable carotid plaques and established the CP score. We developed and validated a IS risk model combining this score and ESRS and established the ISRS to facilitate a clinical work. The area under the curve was 0.907, which indicated practicability and effectiveness of the study.

The ESRS, which includes age, hypertension, diabetes mellitus, smoking status, and peripheral cardiocerebral artery disease, is the most straightforward and extensively used scale in clinical practice to predict the recurrence of IS (20). We observed that the ESRS is an independent risk factor for IS. Weimar et al. (21) found that patients with an ESRS of ≥3 had a significantly higher risk of stroke recurrence and cardiovascular death. We also found that the best COV of the ESRS was 3.5, which prompt for higher IS risk.

US is a non-invasive, easy-to-use, and inexpensive imaging modality. It is critical for assessing C-IMT, echogenicity, and morphology. Our research showed that the optimal COV of C-IMT was 2.25 and 4.55 mm, and the ROC curve analysis showed that the AUC of C-IMT was 0.621. Increased C-IMT has been exhibited to be a risk factor for stroke (22), which is consistent with our research.

We observed that the majority of the plaques in the symptomatic group were hypoechoic or extremely hypoechoic. This is in line with earlier research on the connection between plaque echogenicity and the risk of ischemic events (23), which states that the majority of hypoechoic plaques are lipid-rich plaques that are vulnerable to bleed and rupture when exposed to blood flow (24). Plaque morphology is also one of the risk factors for cerebrovascular events. The shape of the plaques determines the distribution of hemodynamic force, which can be used as the trigger force for plaque rupture and affects the nature and composition of the plaque itself (25). Moreover, some irregular plaques are ulcerative, which can be easily complicated with superficial thrombus to block blood vessels (26).

The plaques of patients in the symptomatic group showed that most of them were above the second grade of IPN in CEUS. The multivariate regression analysis showed that a higher grade of IPN was associated with a higher score in the multivariate regression analysis. IPN secondary to inflammation or hypoxia may be the “precursor” of plaque vulnerability and bleeding within the plaque (27). Song et al. (28) investigated the association between IPN assessed by CEUS and the risk of stroke and showed that IPN is a risk factor for the clinical symptoms of stroke. For these, we used the scores based on the correlation coefficients of different IPNs to reflect plaque vulnerability risk.

The multivariate regression analysis showed that surface perfusion was associated with a higher score in the multivariate regression analysis. It is also an independent risk factor for IS. The pattern of plaque surface perfusion is related to the formation of new blood vessels and the stability of the plaque in CEUS (29). A hydrodynamic analysis sees that the diffusion of contrast agents from the surface perfusion can be considered as the rupture of the fiber cap can cause blood to enter the plaque (30). Moreover, local damage to the skin cells on the inner membrane surface can induce local inflammation and promote the growth of new blood vessels from the surface perfusion (31).

This is the first risk model that incorporates US imaging and ESRS for the ISRS in patients with low and intermediate carotid stenosis. Our study contains some strengths. First, our approach makes scoring simple and convenient without the need for complicated calculations or conversion processes. Second, due to the inclusion of patients who underwent B-mode US as well as those who underwent CEUS, our dataset balances out the selection bias that could be caused by including the data of only CEUS. Third, quantitative CEUS features and B-mode US traits are included in the assessment criteria to indicate CP vulnerability, and the grading criteria for each feature are based on their rounded regression coefficients.

However, our study also has some limitations that should be considered. First, we used a sample from a single center, which is less applicable to an entire population than a multicenter sample would be. Second, the majority of the study data are from the cardiovascular and cerebral clinic which makes selection bias inevitable. Finally, a number of influencing factors for IS could not be extensively explored. The prevalence of the aforementioned concerns could skew the outcomes of this study and make them less objective and accurate. The model has to be prospectively validated at numerous centers before being deployed in clinical settings.



5. Conclusion

The ISRS based on B-mode US, CEUS features, and ESRS in patients with low and intermediate carotid stenosis is of great significance for hierarchical management, stroke prediction, and risk warning in patients with atherosclerosis.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by the medical ethics committee of Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required from the participants or the participants’ legal guardians/next of kin in accordance with the national legislation and institutional requirements.



Author contributions

FL: Conceptualization (lead), Writing – original draft (lead), Writing – review & editing (equal), Investigation (equal). S-YG: Investigation (equal), Writing – review & editing (equal). L-NZ: Writing – review & editing (equal). M-HY: Formal analysis (lead), Writing – review & editing (equal). JC, T-TW, and JM: Data curation. C-XJ: Funding acquisition (supporting), Writing – review & editing (equal). RW: Resources (lead), Funding acquisition (lead), Writing – review & editing (equal). All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (grant numbers 82071931, 82130057, 82202176), the Program for Shanghai Outstanding Medical Academic Leaders (grant number 2019LJ18), the Interdisciplinary Program of Shanghai Jiaotong University (grant number ZH2018ZDA17), and the Program from Science and Technology Commission of Shanghai Municipality (grant number 20Y11912400).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Cieza A, Causey K, Kamenov K, Hanson SW, Chatterji S, Vos T. Global estimates of the need for rehabilitation based on the Global Burden of Disease study 2019: a systematic analysis for the global burden of disease study 2019. Lancet. (2021) 396(10267):2006–17. doi: 10.1016/S0140-6736(20)32340-0

2. GBD 2019 Stroke Collaborators. Global, regional, and national burden of stroke and its risk factors, 1990–2019: a systematic analysis for the Global Burden of Disease study 2019. Lancet Neurol. (2021) 20(10):795–820. doi: 10.1016/S1474-4422(21)00252-0

3. Han R, Yan Y, Ding Y, Huang Y, Zhou P, Hui P. The correlation between collagen types and ultrasound feature score in evaluating the vulnerability of carotid artery plaque. Front Cardiovasc Med. (2021) 8:756424. doi: 10.3389/fcvm.2021.756424

4. Jashari F, Ibrahimi P, Bajraktari G, Grönlund C, Wester P, Henein MY. Carotid plaque echogenicity predicts cerebrovascular symptoms: a systematic review and meta-analysis. Eur J Neurol. (2016) 23(7):1241–7. doi: 10.1111/ene.13017

5. Lorenz MW, Markus HS, Bots ML, Rosvall M, Sitzer M. Prediction of clinical cardiovascular events with carotid intima-media thickness: a systematic review and meta-analysis. Circulation. (2007) 115(4):459–67. doi: 10.1161/CIRCULATIONAHA.106.628875

6. Spanos K, Tzorbatzoglou I, Lazari P, Maras D, Giannoukas AD. Carotid artery plaque echomorphology and its association with histopathologic characteristics. J Vasc Surg. (2018) 68(6):1772–80. doi: 10.1016/j.jvs.2018.01.068

7. Cui L, Xing Y, Wang L, Liu K, Chen H, Li C, et al. Carotid intraplaque neovascularization and future vascular events in patients with asymptomatic carotid stenosis. Front Pharmacol. (2022) 13:804810. doi: 10.3389/fphar.2022.804810

8. Picano E, Paterni M. Ultrasound tissue characterization of vulnerable atherosclerotic plaque. Int J Mol Sci. (2015) 16(5):10121–33. doi: 10.3390/ijms160510121

9. Chan JMS, Jin PS, Ng M, Garnell J, Ying CW, Tec CT, et al. Development of molecular magnetic resonance imaging tools for risk stratification of carotid atherosclerotic disease using dual-targeted microparticles of iron oxide. Transl Stroke Res. (2022) 13(2):245–56. doi: 10.1007/s12975-021-00931-3

10. Qi Y, Fan J, Liu J, Wang W, Wang M, Sun J, et al. Cholesterol-overloaded HDL particles are independently associated with progression of carotid atherosclerosis in a cardiovascular disease-free population: a community-based cohort study. J Am Coll Cardiol. (2015) 65(4):355–63. doi: 10.1016/j.jacc.2014.11.019

11. Saba L, Caddeo G, Sanfilippo R, Montisci R, Mallarini G. Efficacy and sensitivity of axial scans and different reconstruction methods in the study of the ulcerated carotid plaque using multidetector-row CT angiography: comparison with surgical results. AJNR Am J Neuroradiol. (2007) 28:716–23. doi: 10.3174/ajnr.A0486

12. Ajduk M, Pavic L, Bulimbasic S, Sarlija M, Pavic P, Patrlj L, et al. Multidetector-row computed tomography in evaluation of atherosclerotic carotid plaques complicated with intraplaque hemorrhage. Ann Vasc Surg. (2009) 23:186–93. doi: 10.1016/j.avsg.2008.05.008

13. Boulanger M, Li L, Lyons S, Lovett NG, Kubiak MM, Silver L, et al. Essen risk score in prediction of myocardial infarction after transient ischemic attack or ischemic stroke without prior coronary artery disease. Stroke. (2019) 50(12):3393–9. doi: 10.1161/STROKEAHA.119.025831

14. Johri AM, Nambi V, Naqvi TZ, Feinstein SB, Kim ESH, Park MM, et al. Recommendations for the assessment of carotid arterial plaque by ultrasound for the characterization of atherosclerosis and evaluation of cardiovascular risk: from the American Society of Echocardiography. J Am Soc Echocardiogr. (2020) 33(8):917–33. doi: 10.1016/j.echo.2020.04.021

15. Kampf S, Micko A, Stojkovic S, Nackenhorst M, Demyanets S, Eilenberg WH, et al. Elevated EMMPRIN serum levels indicate plaque vulnerability in patients with asymptomatic high grade carotid stenosis. Eur J Vasc Endovasc Surg. (2023) 65(4):474–83. doi: 10.1016/j.ejvs.2022.12.010

16. Touboul PJ, Hennerici MG, Meairs S, Adams H, Amarenco P, Desvarieux M, et al. Mannheim intima-media thickness consensus. Cerebrovasc Dis. (2004) 18(4):346–9. doi: 10.1159/000081812

17. Saba L, Yuan C, Hatsukami TS, Balu N, Qiao Y, DeMarco JK, et al. Vessel wall imaging study group of the American Society of Neuroradiology. Carotid artery wall imaging: perspective and guidelines from the ASNR vessel wall imaging study group and expert consensus recommendations of the American Society of Neuroradiology. AJNR Am J Neuroradiol. (2018) 39(2):E9–31. doi: 10.3174/ajnr.A5488

18. Hoogi A, Adam D, Hoffman A, Kerner H, Reisner S, Gaitini D. Carotid plaque vulnerability: quantification of neovascularization on contrast-enhanced ultrasound with histopathologic correlation. AJR Am J Roentgenol. (2011) 196(2):431–6. doi: 10.2214/AJR.10.4522

19. Huang ZX, Chen LH, Xiong R, He YN, Zhang Z, Zeng J, et al. Essen Stroke risk score predicts carotid atherosclerosis in chinese community populations. Risk Manag Healthc Policy. (2020) 13:2115–23. doi: 10.2147/RMHP.S274340

20. Chaudhary D, Abedi V, Li J, Schirmer CM, Griessenauer CJ, Zand R. Clinical risk score for predicting recurrence following a cerebral ischemic event. Front Neurol. (2019) 10:1106. doi: 10.3389/fneur.2019.01106

21. Weimar C, Goertler M, Röther J, Ringelstein EB, Darius H, Nabavi DG, et al. Predictive value of the Essen stroke risk score and ankle brachial index in acute ischaemic stroke patients from 85 German stroke units. J Neurol Neurosurg Psychiatry. (2008) 79(12):1339–43. doi: 10.1136/jnnp.2008.146092

22. Touboul PJ, Hennerici MG, Meairs S, Adams H, Amarenco P, Bornstein N, et al. Mannheim carotid intima-media thickness consensus (2004–2006). an update on behalf of the advisory board of the 3rd and 4th watching the risk symposium, 13th and 15th European stroke conferences, Mannheim, Germany, 2004, and Brussels, Belgium, 2006. Cerebrovasc Dis. (2007) 23(1):75–80. doi: 10.1159/000097034

23. Nordestgaard BG, Grønholdt ML, Sillesen H. Echolucent rupture-prone plaques. Curr Opin Lipidol. (2003) 14(5):505–12. doi: 10.1097/01.mol.0000092628.86399.9f

24. Mathiesen EB, Bønaa KH, Joakimsen O. Echolucent plaques are associated with high risk of ischemic cerebrovascular events in carotid stenosis: the Tromsø study. Circulation. (2001) 103(17):2171–5. doi: 10.1161/01.cir.103.17.2171

25. Kwak BR, Bäck M, Bochaton-Piallat ML, Caligiuri G, Daemen MJ, Davies PF, et al. Biomechanical factors in atherosclerosis: mechanisms and clinical implications. Eur Heart J. (2014) 35(43):3013–20, 3020a–d. doi: 10.1093/eurheartj/ehu353

26. Xu D, Hippe DS, Underhill HR, Oikawa-Wakayama M, Dong L, Yamada K, et al. Prediction of high-risk plaque development and plaque progression with the carotid atherosclerosis score. JACC Cardiovasc Imaging. (2014) 7(4):366–73. doi: 10.1016/j.jcmg.2013.09.022

27. Shah F, Balan P, Weinberg M, Reddy V, Neems R, Feinstein M, et al. Contrast-enhanced ultrasound imaging of atherosclerotic carotid plaque neovascularization: a new surrogate marker of atherosclerosis? Vasc Med. (2007) 12(4):291–7. doi: 10.1177/1358863X07083363

28. Song Y, Dang Y, Dang LL, Zhao C, Zheng J, Feng J, et al. Association between intraplaque neovascularization assessed by contrast-enhanced ultrasound and the risk of stroke. Clin Radiol. (2020) 75(1):70–5. doi: 10.1016/j.crad.2019.08.019

29. Huang R, DeMarco JK, Ota H, Macedo TA, Abdelmoneim SS, Huston 3rd J, et al. Prognostic value of intraplaque neovascularization detected by carotid contrast-enhanced ultrasound in patients undergoing stress echocardiography. J Am Soc Echocardiogr. (2021) 34(6):614–24. doi: 10.1016/j.echo.2020.12.016

30. Lyu Q, Tian X, Ding Y, Yan Y, Huang Y, Zhou P, et al. Evaluation of carotid plaque rupture and neovascularization by contrast-enhanced ultrasound imaging: an exploratory study based on histopathology. Transl Stroke Res. (2021) 12(1):49–56. doi: 10.1007/s12975-020-00825-w

31. Bentzon JF, Otsuka F, Virmani R, Falk E. Mechanisms of plaque formation and rupture. Circ Res. (2014) 114(12):1852–66. doi: 10.1161/CIRCRESAHA.114.302721



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Carotid plaque score and ischemic stroke risk stratification through a combination of B-mode and contrast-enhanced ultrasound in patients with low and intermediate carotid stenosis

		1. Introduction



		2. Material and methods



		2.1. Study population



		2.2. Clinical outcome



		2.3. Ultrasound procedure



		2.4. Ultrasound image evaluation



		2.5. Essen stroke risk score



		2.6. Statistical analysis











		3. Results



		3.1. Patient baseline characteristics



		3.2. Cutoff value for C-IMT



		3.3. Cutoff value for ESRS



		3.4. Establishment ischemic stroke model and development of the nomogram



		3.5. Establishment of ischemic stroke risk stratification



		3.6. Performance of ischemic stroke risk model



		3.7. Validation of ischemic stroke risk model



		3.8. Clinical use



		3.9. Inter-reader agreement of B-mode US and CEUS features











		4. Discussion



		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References























OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/fcvm-10-1209855-g001.jpg
Patients with carotid artery plaques
(N=824)

Excluded(N=57)
Patients with severe stroke(N:
Without MRA or CTA above the aortic arch

(N=35)
Carotid artery dissection(N=2)
Takayasu's arteritis(N=4)

| Enrolled(N=767) l

!

| |

Mainly hypoechoic
Not contraindicate to CEUS

vis I N

CEUS B-mode ultrasound
(N=495) =
Excluded(N=36) Excluded(N=26)
Poor ultrasound imaging Poor ultrasound imaging
quality(N=10 el quality(N=8)
Incomplete clinical data
(N=26)

Enrolled(N=459) Enrolled(N=246)

Enrolled(N=705) ‘

I
Symptomatic group Asymptomatic group
(N=394) (N=311)





OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





OPS/images/fcvm-10-1209855-g002.jpg





OPS/images/fcvm-10-1209855-g009.jpg
b
=S

0.0

B =
o
o
£
£q
=}
E
£
S <
F o
£
g
parent < o
—— Bias-corrected o
p - Ideal
e T T T T T T T T T T
0.0 0.2 04 06 0.8 1.0 0.2 04 0.6 0.8 1.0
Predicted probability Predicted probability

B= 1000 repetitions, boot

Mean absolute error=0.018 n=251

, boot Me n=41





OPS/images/fcvm-10-1209855-g007.jpg
ESRS

Hy
Hypoechoic/very
hypoechol

i 35-8:2

Grade 2:2

Morphology
Regular: 0
Trregular: 1

15-225 Perfusion patterns
225-455:1 - Basal perfusion : 0
>455:2 Surface perfusion: 1






OPS/images/fcvm-10-1209855-g008.jpg
Source of the Curve
—— Risk model
—— ESRS
—— CEUS
—— Bmode ultrasound
 Reference Line

™ W
1 - Specificity

Sensibility

o

8

bo 02 o 3 o 10

1 - Specificity

Source of the Curve
— B-mode ultrasound

—— ESRS
~ Reference Line





OPS/images/fcvm-10-1209855-g005.jpg





OPS/images/fcvm-10-1209855-g006.jpg
10 20 30 40 S0 60 70 80 90 100

Points
1

ESRS —_—

0 1

0 1

0 1
cIMT

0 1 2
IPN grading —_—

0 1 2

0
Total Points

0 50 100 150 200 250 300 350 400 450
Probability

005 01 02 030405060708 09 035 099 0.999





OPS/images/fcvm-10-1209855-g003.jpg





OPS/images/fcvm-10-1209855-g004.jpg





OPS/images/cover.jpg
a frontiers ‘ Frontiers in Cardiovascular Medicine

Carotid plaque score and ischemic stroke
risk stratification through a combination
of B-mode and contrast-enhanced
ultrasound in patients with low
and intermediate carotid stenosis





OPS/images/fcvm-10-1209855-g010.jpg
Net Benefit

03

02

0.1

00

Model

None

|
0.0

T
0.2

T T T
0.4 0.6 0.8

High Risk Threshold





OPS/images/fcvm-10-1209855-t001.jpg
Risk factor

Age (years)

0
point

1
point

2
points

Hypertension

Diabetes mellitus

Previous myocardial infarction

Other heart diseases (excluding myocardial
infarction and atrial fibrillation)

Smoking

Peripheral arterial disease

Transient ischemic attack






OPS/images/fcvm-10-1209855-t002.jpg
Symptomatic | Asymptomatic | p-value
11)

(N=394)

Age, years™ 7103+ 1048 6513+ 1031
BMI* 238+ 4.46 23.68 +4.21
Sex (male), n (%) 320 (81) 198 (64) <0.001
337 (86) 226 (73) <0.001
166 (42) 124 (40) 019

Hyperlipidemia, 7 (%) 158 (40) 87 (28) 001

Smoking history,  (%)° 166 (42) 102 (33) 016

Coronary artery disease, 142 (36) 18 (6)
n (%)
Drinking history, n (%)° 115 (29)
ESRS™ 446099
TG, mmol/L*” 171+ 068
TC, mmol/L* 425+1.11
LDL-C, mmol/L*" 295082 2722091
HDL-C, mmol/L* 120081 1242915
Homocysteine™" 1411 %1391 1239+7.06 004
hs-CRP, mg/L* 9.04 21391 756+7.06 054
Creatinine, pmol/L* 123.42 +26.66 105.89 +17.92 0.12
Uric acid, pmol/L* 346.7 + 131.15 3426 + 16593 0.64

Hypertension, n (%)>°

Diabetes mellitus, n (%)°
e

71 (23)
28+ 1.09
130211

413122

BMI, body mass index; TG, triglyceride; TC, total cholesterol; LDL-C, low-density
ipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; hs-CRP,
high-sensitivity C-reactive protein.

°Data are represented as means + SD.

p <0.05 indicates statistical significance

tDataihdiate the nuvber of petisnts with percerisoes in parenifeses.





OPS/images/fcvm-10-1209855-t003.jpg
Symptomatic (N=394) | Asymptomatic (N=311) Univariable Multivariable Scort
analysis analysis

pValue® | B° | p-Valu
Echogenicity

Hyperechoic/isoechoic

Hypoechoic/very hypoechoic . L | <oom

Plaque
Regular
Irregular

Plaque location
Common carotid artery

Internal carotid artery

Bifurcation of common carotid artery
Calcification

No calcification

Calcification

CGIMT

15-225

225-4.55

>4.55

IPN grading

Perfusion pattern
Basal perfusion

Surface perfusion

Unless otherwise specified, data represent the number of nodules.

NA, not applicable.

“Determined by logistic regression analysis

°Data are means, with values in parentheses indicating 95% Cls of regression coefficients of significant predictive features after 10-fold cross-validation

“Scoring criteria for significant independent predictors were based on the severely rounded mean of reg ients after 10-fold lidation to the nearest
T






